Parkinson's disease and dementia with Lewy bodies are associated with abnormal neuronal aggregation of ␣-synuclein. However, the mechanisms of aggregation and their relationship to disease are poorly understood. We developed an in vivo multiphoton imaging paradigm to study ␣-synuclein aggregation in mouse cortex with subcellular resolution. We used a green fluorescent protein-tagged human ␣-synuclein mouse line that has moderate overexpression levels mimicking human disease. Fluorescence recovery after photobleaching (FRAP) of labeled protein demonstrated that somatic ␣-synuclein existed primarily in an unbound, soluble pool. In contrast, ␣-synuclein in presynaptic terminals was in at least three different pools: (1) as unbound, soluble protein; (2) bound to presynaptic vesicles; and (3) as microaggregates. Serial imaging of microaggregates over 1 week demonstrated a heterogeneous population with differing ␣-synuclein exchange rates. The microaggregate species were resistant to proteinase K, phosphorylated at serine-129, oxidized, and associated with a decrease in the presynaptic vesicle protein synapsin and glutamate immunogold labeling. Multiphoton FRAP provided the specific binding constants for ␣-synuclein's binding to synaptic vesicles and its effective diffusion coefficient in the soma and axon, setting the stage for future studies targeting synuclein modifications and their effects. Our in vivo results suggest that, under moderate overexpression conditions, ␣-synuclein aggregates are selectively found in presynaptic terminals.
Introduction
Alpha-synuclein is a 140 aa protein localized to vertebrate presynaptic terminals. Although its exact function is unclear, ␣-synuclein binds synaptic vesicle membranes and likely assists vesicle trafficking and SNARE complex formation (Goedert, 2001; Norris et al., 2004; Rizo and Sudhof, 2012) . Increases in ␣-synuclein levels lead to its abnormal aggregation and neuronal degeneration both in vitro (Zach et al., 2007; Outeiro et al., 2008; Jiang et al., 2010) and in vivo (Masliah et al., 2000; Giasson et al., 2002; Emmer et al., 2011) . For example, multiplication mutations that increase expression levels by 50 -100% cause Parkinson's disease (PD) or dementia with Lewy bodies (DLB; Singleton et al., 2003; Chartier-Harlin et al., 2004) . Interestingly, these mutations are also associated with Lewy bodies and neurites, identical to the more common sporadic forms of these diseases . Because aggregated ␣-synuclein is the principal component of Lewy pathology, these observations strongly suggest that ␣-synuclein aggregation is a critical factor in the etiology of genetic and sporadic PD and DLB. Although much is known about factors that promote ␣-synuclein aggregation in vitro, including posttranslational modifications such as phosphorylation (Fujiwara et al., 2002) , oxidization , and particular point mutations (Conway et al., 1998) , how these factors relate to aggregation in vivo is less well understood.
In cell culture, overexpression of human ␣-synuclein in hippocampal neurons leads to its presynaptic aggregation (Scott et al., 2010) and deficits in neurotransmitter release (Nemani et al., 2010; Scott et al., 2010) . However, examination of ␣-synuclein aggregation in living brain tissue has been limited. To determine binding and aggregation properties of ␣-synuclein in vivo, we adapted multiphoton fluorescence recovery after photobleaching (FRAP) paradigms developed for studying fluorescent species in vitro (Brown et al., 1999; Mazza et al., 2008; Schnell et al., 2008; Sullivan and Brown, 2010) for in vivo studies of green fluorescent protein (GFP)-tagged human ␣-synuclein (Syn-GFP) in mouse cortex using cranial windows (Unni et al., 2010) . Using the Syn-GFP transgenic mouse line and in vivo multiphoton imaging, we characterized in vivo Syn-GFP FRAP in mouse cortex and demonstrated that it is an accurate way to measure protein mobility. Under conditions of moderate ␣-synuclein overexpression (2-to 3-fold), levels similar to those seen in patients with multiplication mutations, the somatic Syn-GFP pool was entirely soluble and freely diffusible. In contrast, presynaptic Syn-GFP existed in at least three different pools, one of which was soluble and freely diffusible, whereas the other two had decreasing levels of mobility. Binding constant measurements for ␣-synuclein's association and dissociation with presynaptic vesicles and its effective diffusion coefficient in different subcellular compartments in vivo suggest potentially important tools for future studies of the human-disease-associated point mutations (Polymeropoulos et al., 1997; Krüger et al., 1998; Zarranz et al., 2004 ). Our results demonstrate that in vivo multiphoton FRAP is a powerful tool for studies of protein aggregation and binding in living mouse brain and that, under moderate overexpression conditions mimicking human disease, ␣-synuclein aggregation is selectively found at presynaptic terminals in vivo and is potentially related to their dysfunction.
Materials and Methods
Animals. Syn-GFP (PDNG78; Rockenstein et al., 2005) heterozygous male mice were mated to BDF1 females from Charles River Laboratories and housed by Oregon Health and Science University's (OHSU's) Department of Comparative Medicine (DCM). Thy1-GFP M-line animals were used for GFP-only control experiments. Animals were held in a light-dark cycle, temperature-and humiditycontrolled animal vivarium and maintained under ad libitum food and water diet supplied by the DCM. All experiments were approved by the OHSU Institutional Animal Care and Use Committee and every effort was made to minimize the number of animals used and their suffering. Animals between 1 and 18 months old were used, as specified in the text. Male and female mice were analyzed separately, but no significant differences were noted so combined results for both sexes are reported.
Cranial window surgery and in vivo imaging. Cranial window surgery, in vivo imaging, and photobleaching were done similarly to previously published protocols (Unni et al., 2010) . Briefly, isoflurane (1-2%)-anesthetized animals were placed in a custom-built stereotaxic frame and surgery was performed to create an ϳ5-mm-diameter circular craniotomy overlying primary sensory and motor cortex, which was closed with an 8-mm-diameter coverglass and a custombuilt aluminum fixation bar cemented into place. On imaging days, isoflurane-anesthetized animals were mounted again into the stereotaxic frame and imaged using a Zeiss LSM 7MP multiphoton microscope outfitted with dual channel BiG (binary GaAsP) detectors and the Coherent Technologies Chameleon titanium-sapphire femtosecond pulsed laser source (tuned to 860 nm). Zeiss Zen 2011 image acquisition software was used for all in vivo imaging. Baseline images of Syn-GFP-labeled pyramidal-shaped neurons and presynaptic terminals in cortical layers 2/3 were taken using 1-3 mW power (measured at objective exit). Square, circular, or line regions of interest (ROI) were used for photobleaching, with bleach times Ͻ5 ms and ϳ100 -150 mW power (measured at objective exit). Immediately after photobleaching, images were acquired to follow the recovery time course of fluorescence using the baseline settings. For chronic synapse imaging experiments, animals were remounted into the stereotaxic frame and cortical surface blood vessel patterns and Syn-GFPpositive cell body profiles were used to reidentify previously imaged terminals.
Imaging analysis. Images were analyzed with ImageJ or Fiji software (Schindelin et al., 2012) to obtain mean fluorescence values in relevant ROIs over time. FRAP data were then analyzed in Prism 5 (GraphPad) to obtain single exponential fits to the recovery time course and the immobile and mobile fractions. Calculations of the effective diffusion coefficient (D eff ) of Syn-GFP and bleach depth parameter ␤ were made by fitting FRAP recovery curves using the least-squares curve fitting routine "lsqcurvefit" in MATLAB R2013a (The MathWorks) to previously established models for two-photon FRAP recovery kinetics in the soma (equation 8, Schnell et al., 2008) or in the axon (equation 1, Schmidt et al., 2007) . Measurements of the bleaching radial and axial radii ( r and z ) needed for this fitting were made by photobleaching fixed tissue cortical sections from Syn-GFP mice using the same settings as used for the in vivo FRAP experiments. To check for possible excitation saturation during bleaching in our system, the bleach depth parameter ␤ was measured as a function of bleaching laser power. This relationship was linear throughout the bleach power ranges used (data not shown), indicating the absence of excitation saturation.
Given that the immobile fraction of Syn-GFP present at terminals did not exchange with other Syn-GFP pools on the time scale of Ͻ24 h (see below), we calculated the fraction of free Syn-GFP available for binding to vesicles as the ratio of the amplitude of the fast-recovering component (tau ϳ100 ms) over the sum of the amplitudes of the fast component and the next slower component (tau ϳ2.6 min, representing the vesicle-bound fraction, see below). This free fraction is equal to k off /(k on * ϩ k off ), where k off is the first-order "off" rate constant of Syn-GFP unbinding from vesicles and k on * is the pseudofirst-order "on" rate constant for Syn-GFP binding to vesicles, assuming a constant concentration of vesicle-binding sites on this time scale. This equivalency can be used to derive the ratio k on */k off . Given that diffusion is much faster than the binding event, we fitted the slower component terminal FRAP recovery curves to an established model for extracting k off values (Sprague et al., 2004) and could then calculate k on *. To determine the relationship between the immobile fraction and total Syn-GFP present at a synapse, we developed a metric for assessing total Syn-GFP by comparing the prebleach intensity of a particular synapse to the whole distribution of terminal intensities, which is positively skewed and invariant in shape between animals and at different ages (Unni et al., 2010) . This "synapse position" or "Sp" number was calculated for each bleached synapse by comparing the mean prebleach intensity of that synapse to the mode in the synapse intensity distribution as measured by the number of Sp units by which it was brighter than the mode. One Sp unit is defined as the distance between the mode intensity and the point where the mode intensity had decreased by 90%. This metric has the advantage of comparing terminal intensities with the internal distribution from which they are drawn, which was stable between animals (Unni et al., 2010) and therefore useful for comparisons between animals for which absolute measured intensity values vary. For chronic terminal imaging, individual bleached synapse intensities were normalized to the average of the same two to four unbleached terminals in the field on multiple imaging days to control for possible differences in imaging conditions present on different days.
Mouse brain removal, fixation, and sectioning. Whole brains were dissected from mice and the cerebellum and olfactory bulbs removed. Brains were divided into two along the midsagittal plane. Both hemispheres were placed in plastic scintillation vials with 4% paraformaldehyde and fixed for 1 h, 150 W, at 30°C using a BioWave (Pelco) microwave fixation system. Hemispheres were postfixed in 4% paraformaldehyde overnight at 4°C and then stored in PBS containing sodium azide (0.05%). Fixed hemispheres were mounted on a Leica VT1000 S Vibratome and sagittally sectioned into 50 m slices. Slices were stored in PBS containing sodium azide at 4°C.
Proteinase K digestion. Tissue sections were washed 3 times in PBS to remove azide and then incubated in 0.05% SDS in PBS Ϯ 10 g/ml proteinase K (Thermo Scientific) for 2 h at 37°C in the dark with shaking. Alternatively, free floating tissue sections were wet mounted on a slide using a Pap pen and incubated Ϯ 10 g/ml proteinase K in 0.05% SDS/PBS for 5 min at 60°C in a dark, humidified chamber on a hot plate. Sections were washed 3 times, mounted in Vectashield (Vector Laboratories), and imaged on a Zeiss LSM710 confocal microscope. For each condition, four cortical z-stack sections per animal for three animals were imaged and fluorescence was quantified for individual cell bodies and synapses using Fiji. Whole mouse brain was prepared for Western blot analysis via use of Syn-PER Synaptic Protein Extraction Reagent (Thermo Fisher), resulting in both a functional synaptosome fraction and a cytosolic fraction. Equal volumes of each fraction were then incubated with a 1:1 ratio of proteinase K stock solution (1 mg/ml proteinase K, 10 mM Tris-HCl, 20 mM CaCl, 50% glycerol in PBS) for 30 min at 37°C. Digestion was stopped by the addition of Novex Tris-glycine SDS sample buffer (Invitrogen) and subsequently heated to 95°C for 10 min. Samples were run on a 4 -12% Tris-glycine gels (Invitrogen) for 2 h and 45 min at 80 V. Gels were transferred onto Immobilon-FL membranes (0.45 m pore; Millipore) at 25 V for 18 h at 4°C. Membranes were blocked with Odyssey blocking buffer for 1 h at room temperature. Blots were probed with anti-GFP antibody (Abcam) overnight at 4°C at a 1:1000 dilution in blocking buffer. IR800 anti-rabbit IgG secondary antibody (Li-Cor) was used at a 1:15,000 dilution. Blot fluorescence was measured with a LI-COR Odyssey CLx and images analyzed using Image Studio software. The proteinase K-resistant fraction was measured as the ratio of treated versus untreated integrated band intensity.
Immunohistochemistry and confocal imaging. Two anti-␣-synuclein antibodies were used, mouse monoclonal Syn303 (Covance) raised against oxidized ␣-synuclein species and rabbit monoclonal pSyn (Abcam) raised against serine-129 phosphorylated ␣-synuclein. Rabbit anti-synapsin polyclonal antibody (Novex) was used to detect the synaptic vesicle protein synapsin 1 and mouse anti-␣-synuclein monoclonal antibody Syn1 (BD Biosciences) was used to detect mouse and human ␣-synuclein. Then 50 m fixed brain slices were washed 3 times in PBS, and incubated in blocking buffer (0.1% Triton-X, 10% goat serum) for 2 h while shaking in the dark. Primary antibodies were used at 3 g/ml for Syn303 and 1.5 g/ml for pSyn in a 1:5 dilution of blocking buffer and incubated with shaking in the dark overnight at 4°C. Tissue was washed in PBS 5 times for 30 min each. Secondary antibodies goat anti-mouse or goat anti-rabbit Alexa Fluor 647 (Invitrogen) were diluted to 1:2000 and subjected to incubated shaking in the dark overnight at 4°C. Tissue was washed in PBS 5 times for 30 min each at room temperature. Brain slices were mounted on slides in CFM-2 (Ted Pella), sealed with CoverGrip (Biotium), and allowed to dry overnight in the dark. Synapsin (0.4 g/ ml) and Syn1 (0.5 g/ml) staining was performed using microwaveassisted immunohistochemistry as described previously (Ferris et al., 2009 ) with a modified primary antibody incubation step of 12 min (4 on, 4 off, 4 on), followed by a 5 min rest step to increase antibody binding. For confocal imaging, sections were imaged on a Zeiss LSM710 confocal microscope with a Plan-Apochromat 63ϫ/1.40 oil objective. Laser powers of 1-5% were used to acquire z-stacks through 2-4 regions of cortex per tissue section. Fluorescence images were analyzed in Fiji, ImageJ, and Adobe Photoshop, with only linear scaling of the pixel values. To quantify colocalization at synapses, we used the CoLoc parameter in Imaris data analysis software with a GFP fluorescence threshold of 0.1% to limit the analysis to only synapses and an antibody fluorescence threshold of 5% fluorescence.
Electron microscopy and glutamate immunogold analysis. Electron microscopy (EM) and glutamate immunogold analysis were done similarly to previously published protocols (Walker et al., 2012 ). Animals were perfused using a transcardiac approach with 0.5% paraformaldehyde/1% glutaraldehyde/0.1% picric acid in 0.1 M phosphate buffer, pH 7.3, at room temperature. The primary sensory and motor cortex was processed for EM pre-embed diaminobenzidine (DAB) immunolabeling for localization of GFP (GFP rabbit polyclonal antibody, 1:1000; Fitzgerald) using a microwave procedure. Tissue was incubated in the microwave (Pelco BioWave; Ted Pella) for 5 min, 550 W, at 35°C with the vacuum off (all the remaining steps occurred at this temperature) in 10 mM sodium citrate, pH 6.0 (antigen retrieval), rinsed in 0.1 M phosphate buffer (PB) for 2 ϫ 1 min at 150 W with the vacuum off, exposed to 3% hydrogen peroxide at 150 W for 1 min with the vacuum on, rinsed in PB at 150 W for 2 ϫ 1 min with the vacuum off, exposed to 0.5% Triton X-100 for 5 min, 550 W with the vacuum on, washed in PB for 2 ϫ 1 min at 200 W with the vacuum off, then exposed to the primary antibody for 12 min at 200 W 4 times using the following cycle: 2 min on, 2 min off, 2 min on, 5 min off, all on a continuous vacuum. The tissue is then rinsed in PB twice at 1 min each at 150 W with the vacuum off, and then exposed to the secondary antibody (biotinylated goat anti-rabbit, 1:100; Vector Laboratories) for 15 min at 200 W for 2 cycles of the following: 4 min on, 3 min off, 4 min on, 5 min off, all on a continuous vacuum. The tissue is then rinsed in PB, 2 ϫ 1 min, at 150 W with the vacuum off and then exposed to ABC (Vector Elite Kit, 1 l/ml solution A and B in PB) for 11 min at 150 W under vacuum using the following cycle: 4 min on, 3 min off, 4 min on. The tissue was then rinsed in PB twice at 1 min each, at 150 W with the vacuum off and then exposed to DAB (0.5 g/ml ϩ 1.5% hydrogen peroxide) for up to 10 min at room temperature.
Postembedding immunogold electron microscopy was performed using a glutamate antibody (non-affinity-purified, rabbit polyclonal; Sigma). Thin sections (60 nm) were cut on an ultramicrotome (EM UC7; Leica) along the leading edge of the cortical tissue block, where layers I-VI were exposed, using a diamond knife (Diatome). The primary glutamate antibody, as described previously (Phend et al., 1992) , was diluted 1:250 in TBST 7.6 and aspartate (1 mM) was added to the glutamate antibody mixture 24 h before incubation with the thin-sectioned tissue to prevent any cross-reactivity with aspartate within the tissue. The secondary antibody was goat anti-rabbit IgG (Jackson ImmunoResearch; diluted 1:25 in TBST, pH 8.2) tagged with 12 nm gold particles. We previously reported that incubation of the antibody with 3 mM glutamate resulted in no immunogold labeling, showing the specificity of the glutamate labeling (Meshul et al., 1994) . Photographs (10/animal) were taken on a JEOL 1400 transmission electron microscope of Syn-GFP-labeled and Syn-GFP-unlabeled terminals from a single 50 mesh grid (1 thin section/grid, 1 photograph/grid square) throughout the neuropil (an area containing the highest numbers of synapses) of layers II and III at a final magnification of 40,000ϫ by an individual blinded to the experimental groups, using a digital camera (Advanced Microscopy Techniques). For all Syn-GFP-immunolabeled terminals and non-Syn-GFP-labeled terminals, the density of immunogold labeling was determined in each terminal at the ages mentioned.
For quantification of glutamate labeling, the number of immunogold particles located within or at least touching the synaptic vesicle membrane (i.e., vesicular pool), the number located outside the synaptic vesicles (i.e., the cytoplasmic pool), and those associated with mitochondria were counted. The vesicular and cytoplasmic pools were combined because the cytoplasmic pool is very small (Ͻ10%) compared with the vesicular pool (Meshul et al., 1999) . We have reported that nerve terminals making a symmetrical contact contain GABA (Meshul et al., 1999) , the precursor for which is glutamate. Therefore, nerve terminals making a symmetrical contact will naturally contain some glutamate immunolabeling and cannot be considered immunonegative as a way of determining a ratio between glutamatergic and GABAergic terminals (Meshul et al., 1994 (Meshul et al., , 1999 . The metabolic pool is also relatively small and thus unlikely to be a major source of variation in labeling intensity. The density of gold particles per square micrometer of nerve terminal area was determined for each animal and the mean density for each group calculated. Background labeling was determined within glial cell processes and was found to be 10 immunogold-labeled particles per square micrometer (Meshul et al., 1994) . This was subtracted from the density of presynaptic immunogold-labeled glutamate within the nerve terminals.
Statistics. All data are reported as the mean Ϯ SD unless otherwise noted. Numbers and statistical tests used are reported in each relevant section.
Results
Somatic ␣-synuclein exists in a single soluble pool To measure potential fast dynamics of Syn-GFP within the cell bodies of layer 2/3 primary sensory and motor cortex neurons in our mice, we performed a series of FRAP experiments in line scan mode that allowed us to acquire recovery data with a time resolution of up to 1 ms. Syn-GFP demonstrated a fast recovery tau that was well fit by a single exponential (23.4 Ϯ 7.4 ms, n ϭ 7 cells, 4 animals; Fig. 1 A, B) , similar to recovery in a different mouse line expressing soluble, monomeric GFP within cortical neurons (26.7 Ϯ 8.2 ms, n ϭ 12 cells, 2 animals, p Ͼ 0.40; Fig. 1 A, B) . This suggests that somatic Syn-GFP, like free GFP, exists predomi-nantly in a soluble, freely diffusible state without appreciable binding to somatic membranous compartments. We also measured FRAP recovery curves for Syn-GFP using square ROIs to estimate D eff in vivo. Square ROIs were used because this simplifies the assessment of model parameters needed for estimating D eff . We fit recovery curves using established methods for extracting D eff from multiphoton FRAP data (Brown et al., 1999; Schnell et al., 2008; Sullivan and Brown, 2010; Fig. 1C) to calculate the in vivo D eff of Syn-GFP (see Materials and Methods). The in vivo D eff for somatic Syn-GFP was 8.6 Ϯ 3.8 m 2 /s (n ϭ 14 cells, 4 animals), which was somewhat less than predicted for a soluble, monomeric Syn-GFP fusion protein (ϳ13-34 m 2 /s) based on the molecular weight of the fusion protein and D eff of cytoplasmic GFP in cultured cells (Yokoe and Meyer, 1996; Arrio-DuPont et al., 2000; Sprague et al., 2004 ; ϳ15-40 m 2 /s).
In vivo FRAP accurately measures ␣-synuclein mobility in mouse cortex
Our previous work suggested that FRAP could be a useful tool for studying mechanisms of ␣-synuclein aggregation in the living mouse brain on the time scale of minutes (Unni et al., 2010) . However, to assess FRAP recovery of Syn-GFP on a millisecond time scale, one must consider the possibility of reversible dark state recovery of GFP. In addition to irreversible GFP photobleaching, under certain conditions, photobleaching GFP temporarily converts it into a reversible "dark state" (Swaminathan et al., 1997; Mueller et al., 2012 ) that recovers on the order of hundreds of microseconds to milliseconds. We performed several experiments to test for possible dark state recovery. In FRAP experiments in which signal recovery is dominated by protein movement from unbleached regions into the bleached region, recovery will be slower with larger bleach ROIs. In contrast, reversible dark state recovery of GFP involves an intramolecular reaction that is independent of the size of the bleached area (Swaminathan et al., 1997) . Therefore, we bleached different-sized ROIs within the same neuron sequentially, measuring the rate of recovery for each bleach size ( Fig. 2A) . Syn-GFP FRAP showed a slower recovery tau when a 4-fold larger bleach area was compared with the smaller bleach area (mean tau ratio large ROI/small ROI ϭ 1.79, 95% confidence interval ϭ 1.41-2.16, range ϭ 1.03-3.02, n ϭ 13 cells, 4 animals; Fig. 2B ). A plot of the absolute recovery tau versus bleach area also showed a significant positive correlation, as expected for movement of unbleached Syn-GFP into the bleached area (r 2 ϭ 0.38, p Ͻ 0.001, n ϭ 26, 4 animals; Fig. 2C ). Finally, we saw no recovery of Syn-GFP FRAP in fixed tissue sections of cortex (data not shown). Dark state recovery of GFP can occur in fixed tissue (Mueller et al., 2012) in which protein movement on the micron scale is precluded, strongly suggesting that the rapid recovery of somatic Syn-GFP FRAP signal that we measured represents true protein movement within neurons.
Presynaptic terminal ␣-synuclein exists in at least three different pools, each with different mobility To measure Syn-GFP mobility in vivo within presynaptic terminals, as defined as fluorescent neuropil puncta (Unni et al., 2010), we used FRAP in line scan mode. Unlike the soma, individual terminals showed slower recovery that was not well fit by a single exponential. The fastest component in terminals was well fit by a single exponential with a tau of 102 Ϯ 51 ms (n ϭ 11 synapses, 4 animals; Fig. 3A ). This component comprised only 23 Ϯ 9% of total terminal Syn-GFP. In contrast, bleaching of free GFP in presynaptic terminals recovered completely with a tau of 122 Ϯ 62 ms (n ϭ 9 synapses, 2 animals, p Ͼ 0.43, t test; Fig. 3B ). This suggests that only a small fraction of Syn-GFP in presynaptic terminals is soluble and freely diffusible. Although the rate of recovery for the fast component in presynaptic terminals was slower than the soma, this difference is likely due to geometrical barriers to diffusion present in thin axonal processes rather than binding interactions. Further support for this idea came from measuring D eff in the axonal compartment using multiphoton FRAP recovery (Schmidt et al., 2007) compared with the measured value of D eff in the soma. Measuring axonal D eff in this way requires assuming one-dimensional diffusion along thin axonal processes, which was validated for parvalbumin in axons of cerebellar Purkinje neurons in acute slices (Schmidt et al., 2007) . We measured an axonal D eff for Syn-GFP of 9.0 Ϯ 6.6 m 2 /s (n ϭ 11 synapses, 3 animals; Fig. 3C,D) , which was very similar to the measured D eff in the soma (8.6 Ϯ 3.8 m 2 /s, p Ͼ 0.85, t test; Fig.  3D ). This similarity suggests that a portion of terminal Syn-GFP is freely diffusible and that the one-dimensional diffusion approximation for soluble protein mobility in the axon is valid in vivo, as it is in slices (Schmidt et al., 2007) . Although measurements from small axonal processes potentially suffer from lower signal-to-noise levels, our data show that multiphoton imaging provides high-quality data from even these small volume structures. A rough estimate of the magnitude of the constraint that axonal geometry places on the diffusion of a soluble protein of this size in vivo can be made by taking the ratio of the recovery tau measured using line scan FRAP in the presynaptic terminal and the soma, which demonstrates a ϳ5-fold slower recovery in the axonal compartment.
Using FRAP with circular ROIs encompassing individual terminals (Unni et al., 2010), we measured two additional components of Syn-GFP recovery, one well fit by a single exponential recovery tau of 2.6 Ϯ 2.5 min (n ϭ 22 synapses, 7 animals) comprising 45 Ϯ 21% of total terminal Syn-GFP (n ϭ 19 synapses, 5 animals; Fig. 4 A, B) . The remaining 32 Ϯ 21% of total terminal Syn-GFP (n ϭ 19 synapses, 5 animals) did not recover over the course of 10 min, comprising essentially an immobile fraction (IF) on this time scale. In contrast, circular ROI bleaching studies of individual terminals in GFP transgenic animals demonstrated a much faster recovery tau of 5.1 Ϯ 3.7 s (n ϭ 6 synapses, 2 animals), consistent with a homogenous population of soluble GFP. The recovery of soluble GFP was slower than in our line scan experiments, likely because of differences in bleach area and time when using the two different bleach ROI conditions. The IF of Syn-GFP in each terminal (ranged from 0 to 83%) and was correlated with the total amount of Syn-GFP present before bleaching (r 2 ϭ 0.26, p Ͻ 0.03, n ϭ 19 synapses, 5 animals; Fig. 4C ), suggesting that synapses with greater Syn-GFP have more immobilized protein. In contrast, there was no correlation between the recovery tau and IF size at each synapse (r 2 ϭ 0.001, p Ͼ 0.89, n ϭ 19 synapses, 5 animals). Next we used a slightly modified technique that bleached a larger square area ROI (53ϫ53 m 2 ) encompassing 50 -100 terminals simultaneously. This allowed us to measure FRAP recovery data on a pooled group of synapses more efficiently to get better estimates of the population as opposed to bleaching each terminal one-by-one. The terminal recovery parameters measured in this way were indistinguishable from our individual terminal bleaching experiments (individual terminal FRAP recovery tau ϭ 2.6 Ϯ 2.5 min, n ϭ 22 synapses, 7 animals; area FRAP recovery tau ϭ 1.9 Ϯ 1.3 min, n ϭ 78,652 m 2 , 9 animals; t test p Ͼ 0.47; individual terminal FRAP IF ϭ 42 Ϯ 21%, n ϭ 19 synapses, 5 animals; area FRAP IF ϭ 49 Ϯ 11%, n ϭ 78,652 m 2 , 9 animals; t test p Ͼ 0.42). Using this approach, we measured FRAP parameters from animals of different ages, including 1, 3-6, and 12-18 months of age (1 month IF: 45 Ϯ 10%, 3-6 month IF: 48 Ϯ 1%, 12-18 month IF: 55 Ϯ 17%, one-way ANOVA p Ͼ 0.62; Fig. 4D ; 1 month tau: 1.2 Ϯ 0.9 min, 3-6 month tau: 1.8 Ϯ 1.0 min, 12-18 month tau: 2.8 Ϯ 1.4 min, one-way ANOVA p Ͼ 0.18; Fig. 4E ; n ϭ 3 animals per age group). Interestingly, the IF and recovery tau values measured did not vary significantly over this age range.
Using the percent free and vesicle-bound Syn-GFP in the terminal, the ratio of free/(free ϩ vesicle bound) Syn-GFP was 34 Ϯ 17%. Assuming a simple second-order binding reaction for association of Syn-GFP with vesicles (see Materials and Methods), we calculated the ratio of k on */k off to be 1.96 Ϯ 1.10 in vivo. This calculation assumes a constant concentration of vesicle binding sites on this time scale. Given that diffusion is fast compared with the binding rate, we used established FRAP analysis methods (Sprague et al., 2004 ) to obtain k off ϭ 6.47 Ϯ 3.74 ϫ 10 Ϫ3 sec
Ϫ1
and k on * ϭ 12.7 Ϯ 10.2 ϫ 10 Ϫ3 sec Ϫ1 . Long-term imaging of individual bleached Syn-GFP-positive terminals over the time scale of several hours to 1 week revealed that there was no further recovery of FRAP signal after the first several minutes or over the course of 1-2 h after the bleach nor was further fluorescence recovery seen 24 h later. However, 7-9 d after bleaching, some terminals demonstrated full recovery (Fig.  5 A, B) , whereas other terminals showed only partial or no recovery of the IF. On average, presynaptic Syn-GFP signal had recovered to 67 Ϯ 25% of total Syn-GFP by 1 d after bleaching and was significantly higher (79 Ϯ 34% of total Syn-GFP) at 7-9 d after bleaching (n ϭ 20 synapses, 3 animals, paired t test p Ͻ 0.02; Fig 5C). Therefore, ϳ36% of the IF from the first 10 min after the bleach eventually recovered after 7-9 d. This indicates that the IF component is heterogeneous, with more than one Syn-GFP exchange rate.
Pool of presynaptic ␣-synuclein is proteinase K resistant
Although in vivo multiphoton FRAP is a useful tool for measuring the mobility of different Syn-GFP species at presynaptic terminals, the molecular nature of these different pools is unclear. To better characterize Syn-GFP in cortical tissue, we treated fixed tissue sections and synaptosome-fractionated fresh brain tissue with proteinase K. Then, tissue sections were imaged with confocal microscopy and synaptosome fractions assayed by Western blotting to determine whether a proteinase K-resistant fraction was present. Proteinase K-resistance is a well established hallmark of certain aggregated species of ␣-synuclein (Takeda et al., 1998; Miake et al., 2002) and other neurodegeneration-associated proteins (Neumann et al., 2002) . Although both somatic staining and the cytosolic fraction of Syn-GFP were almost completely abolished by proteinase K treatment (normalized somatic Syn-GFP signal in fixed tissue after proteinase K ϭ 0.042 Ϯ 0.041, n ϭ 3 animals; normalized cytosolic fraction Syn-GFP signal in freshly prepared tissue after proteinase K ϭ 0.015 Ϯ 0.013, n ϭ 3 animals), a significant fraction of presynaptic terminal Syn-GFP was not degraded by proteinase K (normalized terminal Syn-GFP signal after proteinase K ϭ 0.44 Ϯ 0.21, n ϭ 3 animals, paired t test p Ͻ 0.02; normalized synaptosome fraction Syn-GFP signal after proteinase K ϭ 0.35 Ϯ 0.13, n ϭ 3 animals, t test p Ͻ 0.02), suggesting that aggregates were present only in presynaptic terminals (Fig. 6A-C) . Mean Syn-GFP terminal intensity comparing slices from the same animal showed that proteinase K treatment resulted in a decrease in the frequency of "dim" terminals, with a relative sparing of the "bright" terminals (Fig. 6D) , suggesting that terminals with high levels of Syn-GFP contain more of the aggregate form. We also measured the average terminal volume of Syn-GFP labeling under control conditions and after proteinase K treatment. Interestingly, proteinase K treatment reduced terminal Syn-GFP volume by ϳ25% (average control volume ϭ 0.41 Ϯ 0.54 m 3 , n ϭ 46,117 terminals, 3 animals; average proteinase K-treated volume ϭ 0.31 Ϯ 0.17 m 3 , n ϭ 24,009 terminals, 3 animals). Next, we measured the fraction of proteinase K-resistant Syn-GFP in terminals in different age groups. When comparing mice aged 1, 3-6, and 12-18 months, we detected no significant differences in the proteinase K-resistant fraction (data not shown) in these age groups, in agreement with our in vivo imaging data showing a similar IF across the ages tested.
Pool of presynaptic ␣-synuclein is phosphorylated at serine-129, oxidized, and associated with decreases in the presynaptic vesicle protein synapsin To characterize the Syn-GFP aggregates in terminals, we stained fixed tissue for several molecular markers of specific aggregates. Serine-129 phosphorylation is a marker of ␣-synuclein aggregation and serine-129 phospho-antibodies stain Lewy pathology from human tissue (Fujiwara et al., 2002) and aggregated ␣-synuclein in some mouse models (Emmer et al., 2011; Luk et al., 2012a,b) . However, recent work has suggested that serine-129 phosphorylation is required for autophagy-mediated ␣-synuclein degradation and marks a pool that is not necessarily aggregated (Oueslati et al., 2013) . In addition, in some mouse models (Tanji et al., 2010) , there is evidence that presynaptic terminal proteinase K-resistant ␣-synuclein aggregates can exist without being phosphorylated at serine-129. Oxidization of ␣-synuclein is another modification associated with human disease and this form is also present in Lewy pathology (Giasson et al., 2000) . Therefore, we next measured the serine-129 phosphorylation and oxidation status of terminal Syn-GFP aggregates in our system.
In our experiments, a subset of Syn-GFP-positive presynaptic terminals in the cortex colabeled with serine-129 phosphorylated ␣-synuclein (Fig. 7A) . However, the phosphorylated form was not detected in neuronal cell bodies (data not shown). Likewise, staining for oxidized ␣-synuclein colabeled with some Syn-GFP-positive presynaptic terminals (Fig. 7A) , but not in cell bodies. There was also a significant positive correlation between the amount of serine-129-phosphorylated ␣-synuclein and the total Syn-GFP at each terminal, indicating that terminals with greater amounts of Syn-GFP contained more phosphorylated protein (r 2 ϭ 0.34, p Ͻ 0.0003, n ϭ 37 synapses; Fig. 7B ). These results are consistent with the correlation between total Syn-GFP levels and the IF measured by in vivo imaging (Fig. 4C) , indicating the presence of more aggregated protein in brightly labeled Syn-GFP terminals. To quantify the amount of colocalization between Syn-GFP and phospho-synuclein, we calculated the Pearson's colocalization coefficient using Imaris software and found a significant amount of colocalization in Syn-GFP-positive presynaptic terminals (Pearson's coefficient ϭ 0.194 Ϯ 0.042, n ϭ 3 animals, 4 cortical areas per animal; Fig. 7C ). Next, we measured serine-129-phosphorylated ␣-synuclein levels in cortical terminals treated with proteinase K to determine whether the proteinase K-resistant fraction is phosphorylated. Using our protocol, phospho-synuclein staining was abolished by proteinase K treatment (data not shown). This suggests that these two aggregate pools are separate and that the proteinase K-resistant fraction is not phosphorylated at this residue, as is seen for presynaptic terminal aggregates in other human ␣-synuclein overexpression transgenic models (Tanji et al., 2010) . Furthermore, markers of amyloid-like aggregate species, thioflavine S (ThS), and mature Lewy pathology (anti-ubiquitin antibody staining) showed no clear colocalization with Syn-GFP-positive terminals (data not shown). Combined, these data suggest that the proteinase K-resistant, serine-129-phosphorylated, oxidized Syn-GFP presynaptic aggregate pools are not ubiquitinated or in an amyloid (ThS-binding) conformation.
Our data presented above from in vivo imaging and proteinase K digestion suggests that an aggregated pool of Syn-GFP in presynaptic terminals forms as early as 1 month after birth in this line and is present at relatively constant levels until the animals are Ͼ1 year-old. We next investigated whether these aggregates might be associated with evidence of terminal dysfunction, as has been suggested to occur when ␣-synuclein is overexpressed (Scott et al., 2010; Larson et al., 2012; Scott and Roy, 2012) . For example, Roy et al. demonstrated what they termed "vacant synapses" in a subset of terminals expressing Syn-GFP aggregates, which contained greatly reduced levels of several presynaptic vesicle proteins involved in exocytosis (Scott et al., 2010) . We determined the levels of the vesicle protein synapsin in Syn-GFP-expressing versus Syn-GFPnonexpressing cortical terminals (Fig. 7A ) and found that Syn-GFP-expressing terminals had a large decrease in synapsin staining in all age groups tested (1, 3-6, or 12-18 months old; data not shown). The Pearson's coefficient for colocalization between Syn-GFP-positive terminals and synapsin was close to zero, indicating that the proteins do not colocalize (Pearson's ϭ 0.026 Ϯ 0.040, n ϭ 3, 1 year-old animals, 2 cortical areas per animal; Fig. 7C ). In contrast, synapsin did colocalize with an antibody that recognizes mouse ␣-synuclein (Syn1), indicating that adjacent neurons that do not express the transgene likely have healthy synaptic function (Pearson's ϭ 0.36 Ϯ 0.12, n ϭ 3, 1-year-old animals, 2 cortical areas per animal; Fig. 7C ). These data suggest that presynaptic Syn-GFP aggregates are toxic to the normal exocytotic apparatus.
Ultrastructural analysis demonstrates vesicle-bound and granular aggregate forms of terminal ␣-synuclein
To characterize the ultrastructural properties of Syn-GFP in cortical presynaptic terminals, we used EM pre-embedding DAB immunolabeling (Meshul and McGinty, 2000) with an anti-GFP antibody and a newly developed microwave fixation/processing procedure (Walker et al., 2012) . Syn-GFPcontaining terminals showed two different patterns of DAB staining (Fig.  8A) . The more common pattern was perivesicular labeling of Syn-GFP, which likely corresponds to the presumed synaptic vesicle binding pool of Syn-GFP detected with in vivo FRAP. Association of ␣-synuclein with synaptic vesicles has been described previously (Maroteaux and Scheller, 1991; Shibayama-Imazu et al., 1993) . We also observed a more granular pattern of Syn-GFP staining not associated with vesicles in a subset of terminals making both an inhibitory (symmetrical; Fig. 8A ) and excitatory (asymmetrical; Fig. 8B ) synaptic contacts. This appearance resembled the granular aggregates of ␣-synuclein seen in human (Sone et al., 2005) and mouse (Rockenstein et al., 2005; Rieker et al., 2011) tissue. This granular pattern may represent the aggregated, immobile Syn-GFP pool observed in our in vivo FRAP and ex vivo proteinase K experiments.
Glutamate immunogold labeling demonstrates progressive dysfunction of ␣-synuclein-overexpressing terminals Several groups of investigators have suggested that ␣-synuclein overexpression can lead to synaptic dysfunction that can be measured at the ultrastructural level in different systems (Scott et al., 2010, Scott and Roy, 2012; Larson et al., 2012) . We performed quantitative immunogold analysis in the cortex of our transgenic mice to detect presynaptic glutamate in Syn-GFP-labeled versus Syn-GFP-unlabeled terminals at different ages. Glutamate immunogold labeling can be used to detect this neurotransmitter in excitatory and inhibitory nerve terminals, because glutamate is the direct precursor to GABA, the main inhibitory neurotransmitter in mammalian cortex (Meshul et al., 1994; Bamford et al., 2004) . Our immunogold labeling in 3-month-old animals showed no significant differences in the density of particles in both asymmetric (unlabeled: 117 Ϯ 4.6 particles/m 2 , Syn-GFP-labeled: 96 Ϯ 19, t test p Ͼ 0.78, n ϭ 3 animals; Fig. 8C , error ϭ SEM) and symmetric (unlabeled: 97 Ϯ 3.5 particles/m 2 , Syn-GFP-labeled: 69 Ϯ 7.4, t test p Ͼ 0.21, n ϭ 3 animals) Syn-GFPpositive terminals. In 9-month-old animals, however, a significant decrease in presynaptic glutamate immunogold labeling in Syn-GFP-positive asymmetric terminals (unlabeled: 74 Ϯ 4.2 particles/ m 2 , Syn-GFP-labeled: 29 Ϯ 2.3, t test p Ͻ 0.001, n ϭ 3 animals; Fig.  8B , error ϭ SEM) was seen, which was also the case for terminals making a symmetrical synaptic contact (unlabeled: 89 Ϯ 16 particles/m 2 , Syn-GFP-labeled: 20 Ϯ 2, t test p Ͻ 0.01, n ϭ 3 animals). These data suggest that Syn-GFP overexpression, which we have shown is associated with presynaptic terminal microaggregate for- mation at an early age, is also associated with an age-dependent decrease in glutamate immunogold labeling in excitatory (asymmetrical) and inhibitory (symmetrical) nerve terminals.
Discussion
In previous work, we showed the feasibility of using in vivo multiphoton FRAP to measure recovery of Syn-GFP in mouse cortex (Unni et al., 2010 ). In our current work, we expanded these methods to characterize Syn-GFP FRAP rigorously in vivo and demonstrate that it is an accurate way to measure protein mobility free from confounding artifacts seen in other systems. We demonstrate that, under conditions of moderate ␣-synuclein overexpression, similar to multiplication mutations that lead to human disease, in vivo aggregation is selectively found at presynaptic terminals starting at an early age (at least by 1 month of age), is not detectable in cell bodies, and is associated with significant decreases in the important presynaptic vesicle protein synapsin. In addition, we measured the effective diffusion coefficient of Syn-GFP within different subcellular compartments, the relative fraction within free and bound terminal pools, the vesicle binding constants k on * and k off , and the exchange rate within terminal microaggregates. All of these numbers have been impossible to measure in vivo in the brain until now. Our EM analysis demonstrates that Syn-GFP overexpression leads to progressive dysfunction, as measured by a decrease in presynaptic glutamate immunogold labeling in both excitatory and inhibitory synapses.
Our results suggest that somatic Syn-GFP is soluble and freely diffusible, whereas in presynaptic terminals, at least three different pools exist, one of which is soluble and freely diffusible. The other two lower mobility pools have very different recovery kinetics from each other, one on the order of ϳ2.6 min and the other over several days or longer. Given substantial evidence that ␣-synuclein normally binds presynaptic vesicles (Maroteaux and Scheller, 1991; Shibayama-Imazu et al., 1993; Davidson et al., 1998) , including our own EM data showing perivesicular staining and data from cell-free systems demonstrating synaptosomal binding on the minutes time scale (Wislet-Gendebien et al., 2006 , the pool with a ϳ2.6 min recovery tau in our experiments likely represents soluble Syn-GFP binding to synaptic vesicles. The final presynaptic Syn-GFP species measured is more heterogeneous, with individual terminals showing no, partial, or complete recovery within 7-9 d. This pool likely represents an ␣-synuclein microaggregate form. Its different recovery characteristics may be due to different maturation states, with more compact microaggregates exhibiting decreased Syn-GFP exchange. This kind of sequential compaction has been hypothesized to occur in human disease as part of a pathway toward Lewy pathology formation (Dale et al., 1992; Arima et al., 1998; Gó mez-Tortosa et al., 2000) . It is important to note that our in vivo FRAP imaging is limited for technical reasons to cells and synapses within superficial cortical layers (all data presented are from layers 2/3). Therefore, the potential somatic aggregation profile in deeper brain regions may not be the same as we measure here. It will be interesting in future studies to use alternative techniques, potentially including fiberoptic approaches (Flusberg et al., 2005; Murray and Levene, 2012) , to probe the somatic aggregation profile of deeper structures. Pairing this with multicolor labeling approaches could help determine the IF in cortical terminals originating from different neuronal cell types throughout the brain. Our biochemical characterization also supports the presence of terminal Syn-GFP microaggregate species because proteinase K-resistant, serine-129-phosphorylated, and oxidized forms of Syn-GFP are present only in presynaptic terminals. These three specific ␣-synuclein modifications are common in PD and DLB human tissue (Takeda et al., 1998; Giasson et al., 2000; Fujiwara et al., 2002) . We find that, depending on technique, 44 Ϯ 21% (confocal imaging in fixed tissue) or 35 Ϯ 13% (Western blotting of fresh tissue) of Syn-GFP in the synapse is proteinase K-resistant, which closely matches the 32 Ϯ 21% IF we detected with in vivo FRAP experiments, suggesting that this may be the same aggregate pool. Our measurements of the age dependence of aggregate formation suggest that a proteinase K-resistant, relatively immobile, Syn-GFP aggregate pool, which is not clearly phosphorylated at serine-129, develops as early as 1 month of age. This fraction is associated with toxicity because there is coincident reduction in the presynaptic vesicle protein synapsin. In addition, our quantitative immunogold measurements show an agedependent decrease in terminal glutamate labeling in Syn-GFP-containing synapses. We speculate, based on this evidence, that terminal microaggregates represent an early stage in the synucleinopathy pathologic cascade, forming first at presynaptic terminals because of the high local concentration of this protein here. These proteinase K-resistant aggregates could be causing immediate presynaptic abnormalities, as evidenced by the lack of synapsin in these synapses, but may also trigger a second slower process of degeneration requiring months to develop, which leads to decreased presynaptic neurotransmitter levels. Ultimately, this chronic synaptic dysfunction may lead to a "dying back" of affected axonal processes, as has been postulated to occur in several synucleinopathies (Adalbert and Coleman, 2012; Yasuda et al., 2013) . Alternatively, it is possible that the presynaptic microaggregates we measure may be beneficial because evidence suggests that certain ␣-synuclein aggregate species may be cytoprotective, potentially sequestering other more toxic species such as small oligomers (Nakamura et al., 2011) and therefore reducing neurodegeneration (Tofaris and Spillantini, 2005; Bodner et al., 2006) . Finally, it is also possible that the presynaptic microaggregates are an epiphenomenon that is not linked directly to presynaptic dysfunction in an either helpful or harmful way. In this case, the microaggregates may be marking terminals where another toxic species is mediating detrimental effects on synapsin and glutamate levels. Therefore, exploring these mechanisms further, including the distinct roles of posttranslationally modified and proteinase K-resistant ␣-synuclein terminal species in this system, will be an important avenue for future research. Interestingly, recent work suggests that serine-129 phosphorylation, specifically by Polo-like kinase 2, marks a pool which is in the process of being disaggregated and degraded by autophagy (Oueslati et al., 2013) . Also in the field is a DAB-labeled terminal (LT) making a symmetrical (inhibitory) synaptic contact (single black arrow) and containing a perivesicular (double white arrows) and granular (single white arrow) pattern of labeling. B, Top, Electron photomicrograph showing an unlabeled nerve terminal (UT) making an asymmetrical synaptic contact (arrow) onto a DS containing a spine apparatus (SA). Within the unlabeled nerve terminal are numerous 12 nm gold particles (arrowhead) indicating the location of an antibody against glutamate. There is also a DAB/␣ synuclein-GFP-labeled nerve terminal (LT) making an asymmetrical synaptic contact (arrow) onto a DS. Bottom, Group data from animals of two different age groups, 3 and 9 months old, showing a significant decrease in presynaptic glutamate levels in 9-month-old Syn-GFP-positive excitatory (asymmetrical) and inhibitory (symmetrical) nerve terminals.
beling compound ReAsH. Somatic aggregates and unaggregated protein were imaged by confocal microscopy. Within aggregates, one immobile and one mobile species were present. The IF within aggregates was ϳ85% of total tagged synuclein, whereas the mobile fraction had a D eff of ϳ0.035 m 2 /s. These results differ substantially from ours because we detected a single, freely diffusible Syn-GFP population within cortical neuron somata in vivo (D eff ϭ 8.6 Ϯ 3.8 m 2 /s) and 3 pools of Syn-GFP with differing levels of mobility ranging from milliseconds to days in synaptic terminals. It will be interesting to determine the nature of the ␣-synuclein species in these different systems and whether they share significant overlap or not.
Our measurements of free Syn-GFP mobility, both in the soma and terminals, are experimentally indistinguishable from those we made for free GFP in these compartments, suggesting that free Syn-GFP may be monomeric. However, previous work has shown limitations of FRAP to resolve small differences in molecular weight. For example, it has been suggested that molecular weight changes of ϳ10-fold are required before being clearly detected by FRAP (Lippincott-Schwartz et al., 2001) . If this is the case, the freely soluble pool of Syn-GFP we detect could exist as small (Ͻ10-mer) multimers. We can confidently say, however, that they are not larger multimers (Ͼ10-mers). Determining whether small multimers such as tetramers exist in vivo will be an interesting avenue for future studies because their presence is controversial Fauvet et al., 2012; Dettmer et al., 2013) . Other fluorescence-based techniques adapted for in vivo use, such as fluorescent protein complementation, fluorescence correlation spectroscopy, or fluorescence resonance energy transfer, may be useful to answer this question.
Expression levels of Syn-GFP in this mouse line are two to three times that seen in normal human brain (Rockenstein et al., 2005) , similar to patient tissue with multiplication mutations (Singleton et al., 2003) . Therefore, these Syn-GFP mice may represent a good model for the neuropathology that underlies early stages of synucleinopathy. Using a variety of techniques, including in vivo multiphoton imaging, proteinase K digestion, immunohistochemistry, and EM, we have demonstrated the presence of human ␣-synuclein aggregates specifically in presynaptic terminals with a positive dose-aggregate relationship. In addition, we have not found evidence for somatic aggregates. This suggests that an early step underlying synucleinopathies is the development of specifically presynaptic aggregates. It will be interesting in future studies to pair this model with other factors implicated in disease pathogenesis, including mitochondrial toxins (Betarbet et al., 2000; Uversky et al., 2001) , point mutations (Polymeropoulos et al., 1997; Krüger et al., 1998; Zarranz et al., 2004) , or inoculation with potentially prion-like ␣-synuclein aggregates (Luk et al., 2012a (Luk et al., , 2012b Masuda-Suzukake et al., 2013 ). This will allow testing of the hypothesis that presynaptic aggregate pathology, given specific triggers, can cause spreading of aggregation to the soma, as predicted by several groups of investigators (Galvin et al., 1999; Marui et al., 2002; Kramer and SchulzSchaeffer, 2007) . In addition, this model, with aggregation limited to presynaptic terminals, may be useful for the study of therapies thought to only be beneficial early in the course of disease.
